In vivo complex formation of activated protein C with protein C inhibitor (APC-PCI) and with %-antitrypsin (APC-%AT) following infusion of 0.25 or 1.0 mg APC/kg in 1 hour into baboons was studied using immunoblotting and sandwich enzyme-linked immunosorbent assay (ELISA)s. Before APC infusion, detectable plasma levels (about 30 ng/mL) of APC-%AT complex were found in the baboon plasma. At the lower APC dose, APC-PCI and APC-%AT complex levels were 1.4 +-0.3 (mean -t SD) and 0.8 f 0.1 pg/mL after 1 hour of infusion. At the higher APC dose, the APC-PCI level was similar t o the APC-%AT level during the first 30 minutes, but after 1 hour of infusion the APC-%AT level was higher than the APC-PCI level, reaching 4.1 ? 1.2 and 2.9 f 1.2 pg/mL, respectively. After 24 hours, complex levels had returned to basal conditions. During infusion of protein C (1.0 mg/kg in 1 hour), both CTIVATED PROTEIN C (APC) is a serine protease A derived from its inactive precursor, protein C, and acts as a potent anticoagulant by inactivating factors and VIIIaA5 APC seems to be an important regulator of thrombosis because homozygous deficient infants suffer potentially fatal thrombotic disease6,' and hereditary thrombophilia is associated with half normal levels of protein C in some families.' APC is inhibited by a heparin-dependent plasma inhibitor, protein C inhibitor (PCI): which has been purified and characterized"-'* and the sequence of its cDNA reported." We recently demonstratedL4 that plasma PCI is immunologically and functionally identical to a heparin-dependent urokinase inhibit~r.'~ Addition of purified APC to citrated plasma resulted in the formation of two major bands on immunoblots corresponding to complexation of APC to two different inhibitors present in plasma.I6 The second APC inhibitor is heparin-independent a,-antitrypsin ((Y~AT)."~~' Both inhibitors are physiologic regulators of APC because complexes of APC were detected with each inhibitor in plasma from patients with disseminated intravascular coagulation and in patients with deep vein t h r o m b o s i~. '~~~~ In this paper we demonstrate and quantitate complexes of APC with these two inhibitors in baboon plasma formed during in vivo infusion of activated complexes were detected in low concentrations. Following bolus injection of APC, half-lives (t,J for APC and APC-PCI and APC-%AT complexes of 10,40, and 140 minutes, respectively, were observed. After 1-hour incubation with 2.5 pg/mL APC, baboon plasma contained 1.0 f 0.2 and 0.8 2 0.1 pg/mL of APC-PCI and APC-a,AT, respectively. Addition of 10 pg/mL APC t o baboon plasma yielded 2.5 and 2.4 pg/mL APC-PCI and APC-%AT after 1 hour, respectively. Immunoblotting analysis also showed in vivo formation of complexes of APC with an auxiliary inhibitor but not in vitro in citrated plasma. These data show that both PCI and %AT are physiologic inhibitors of APC and suggest that when PCI is depleted by a high dose of APC, %AT becomes the major inhibitor of APC.
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protein C into animals as well as after in vitro addition of APC to baboon plasma, in the presence and in the absence of heparin. The half-lives of APC and APC complexes in the circulation were determined after bolus injection of APC into baboons.
MATERIALS AND METHODS

Blood collection.
Baboons bearing chronic A-V shunts as described elsewhere" were used for these studies. Baboon arterial blood samples were collected from the external silastic shunt in 0.13 mol/L sodium citrate containing 0.3 mol/L benzamidine (nine parts of blood, one part anticoagulant) before, during, and after distal infusion of APC into the external shunt. Pooled normal human plasma (NHP) was made from 25 apparently healthy male donors. Protein C depleted plasma was from George King Biomedical, Overland Park, KS. Rabbit antiserum to a,AT (IgG fraction) and horse radish peroxidase were from Sigma, St Louis, MO.
Activated protein C,z' protein C inhibitor (PCI)," and purified APC-PCIZ and APCa,AT complexes" were obtained as indicated. Anti-light chain monoclonal antibody to protein C (C3) was prepared and characterized as d e~c r i b e d .~~.~~*~ This antibody is specific for the light chain of protein C, and recognizes protein C, APC, and complexed APC with the same PCI-depleted p l a~m a '~. '~ and rabbit anti-PCI specific antibodies (IgG fraction) labeled with horse radish APC plasma levels were measured as previously described.*' PCI antigen," APC-PCI,Zz and APC-(Y,AT'~ complexes were determined as indicated. Briefly, PCI antigen was assayed in microtiter plates coated with rabbit anti-PCI antibodies and PCI bound was detected with peroxidase labeled anti-PCI antibodies. The detection limit was 0.5 ng/mL for plasma PCI and the assay detected equally well free PCI and complexed PCI. APC complexes were assayed by coating plates with C3 monoclonal antiprotein C antibody, and bound APC complexes were detected with peroxidase-labeled rabbit anti-PCI or anti-a,AT antibodies. The detection limit for APC-PCI and APC-a,AT assays was 5 ng/mL and 0.5 @mL, respectively. Calibration curves were constructed using known amounts of purified preformed APC complexes.1y.22
To study complex formation in vitro, 5 pL of purified human APC (2.5 or 10.0 pg/mL, final concentration) in 0.01 molL TRIS-HCI, 0.14 mol/L NaCI, pH 7.4 (TBS) containing 1% bovine serum albumin (BSA) and 50 WLgi mL soybean trypsin inhibitor (STI) was added to 100 pL baboon plasma, in the presence or Preparation of proteins and antibodies.
were prepared as previously reported. Assays.
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Blood, Vol77 5, 5 .0, or 10 pg/mL) was incubated with a mixture of purified PCI (4.5 pgimL) and a,AT (2.5 mg/mL) at the final concentrations indicated. At different times, aliquots were removed and, after dilution with blocking buffer-benzamidine, APC complexes formed were measured as indicated above.
For the in vivo complex formation experiments, citrated baboon plasma samples were analyzed following infusion of 0.25 or 1.0 mg APC/kg in 1 hour into five different animals (30% as initial bolus; remainder by continuous infusion). For these studies, each baboon was fitted with a thrombogenic Dacron vascular graft inserted in a silicone rubber shunt between the femoral artery and vein." In control studies, the same baboons were infused with 1.0 mg protein C/kg in 1 hour. Blood samples were taken into citrate containing 0.3 moUL benzamidine at different time intervals before, during, and after infusion of APC or protein C, and APC complexes were measured in the derived plasma as indicated above.
To determine the half-life for APC and its complexes in the circulation in the absence of a thrombogenic Dacron graft, two baboons (each 12 kg weight) were injected with 2.5 mg human APC as an intravenous bolus into the silastic A-V shunt. Blood samples were taken into citrate containing 0.3 m o m benzamidine from the shunt at different time intervals and analyzed for APC activity and APC complexes, as indicated before.
Immunoblotting of baboon plasma samples was performed as previously described for human plasma.'6~u Briefly, 5% nondenaturing gels were used for separation of protein C, PCI, and APC complexes. After transfer of proteins to nitrocellulose paper, immunoblots were reacted either with antilight chain monoclonal antibody to protein C (C3) at 5 kg/mL, followed by '"I-protein C, or with the IgG fraction of rabbit antibody to PCI at 20 pg/mL, followed by '*'I-PCI. The specific radioactivity of these proteins ranged from 15 to 27 pCi/kg, and they were diluted to 0.3 pCi/mL for immunoblotting.
Immunoblotting.
RESULTS
Complexes of activated protein C im vivo. To study enzyme-inhibitor complex formation in vivo, baboon plasma samples were analyzed following infusion of 0.25 (low dose) or 1.0 (high dose) mg APC/kg during 1 hour. Figure 1 shows the mean values obtained from five different experiments using five animals. Before APC infusion, no APC-PCI complexes were detected, but low levels of circulating APC-a,AT complexes (about 30 ng/mL) were. During infusion, complexes of APC were detectably formed and increased in concentration with time. At the low APC dose, APC-PCI and APC-a,AT complex levels were 1.4 2 0.3 and 0.8 f 0.1 FgimL, respectively, after 1 hour of infusion ( Fig  1A) . At the higher APC dose used, both complexes showed similar levels during the first 30 minutes, but after 1 hour they were 2.9 f 1.2 and 4.1 2 1.2 Fg/mL, respectively ( Fig  1B) . At the high APC dose, APC-PCI concentration decreased as soon as the infusion of APC finished, whereas the concentration of APC-a,AT complex continued to increase for 15 minutes after infusion (Fig 1B) . Twenty-four hours after APC infusion there was a detectable level of circulating A P C q A T complex, similar to that found in
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Time, mi n basal conditions, but no APC-PCI complex was detected. During a protein C zymogen infusion in baboons fitted with the thrombogenic Dacron shunt, low but detectable levels (between 150 and 200 ng/mL) of both APC-inhibitor complexes were measured (data not shown). Studies were performed to correlate the appearance of APC complexes measured by enzyme-linked immunosorbent assay (ELISA) to their appearance on immunoblots. Figure 2 shows an immunoblot for protein C antigen in plasma samples from a baboon infused with a low dose of APC. Before APC infusion (t = 0 minutes), low levels of the band for APC-a,AT complexes, but not of the band for APC-PCI complexes, were observed. After 5 minutes of infusion, the band containing APC-a,AT complexes increased above the basal level, and the band for APC-PCI complexes appeared. Bands containing each type of complexes increased in intensity during the 60-minute infusion, then decreased at later time points. By 120 minutes the band of APC-PCI complexes in all experiments was less intense than the band of APC-a,AT complexes. A third band of low electrophoretic mobility containing APC antigen (see upper region of gel in Fig 2) appeared after 5 minutes of APC infusion, and this band was less intense than the bands for either the APC-PCI or the APC-a,AT complexes. It also increased during the infusion, then decreased to barely detectable levels by 120 minutes. Bands denoted APC-PCI and APC-a,AT in Fig 2 comigrated with the major bands of complexes formed when citrated plasma was incubated in vitro with APC or with a snake venom activator of protein C (data not shown).'6,w These bands were also identified by coblotting with antibodies to PCI and to a,AT (Fig 3 and data not shown) . The band of low mobility was identified as APC-%-macroglobulin by its removal using monoclonal antibody to %-macroglobulin and protein A-Sepharose.26 The counterpart to this band in citrated human or baboon plasma incubated with APC was very faint or not detectable. of a baboon infused with a high dose of APC. During APC infusion, a new band corresponding to the APC-PCI complex was formed that comigrated with a band observed on immunoblots for protein C antigen. This band remained detectable 1 hour after the infusion was stopped (120 minutes). At the time the infusion was terminated (1 hour), most of the PCI antigen was in the form of APC-PCI complexes. An apparent decrease in free PCI antigen was clearly seen after 15 minutes of infusion (Fig 3) .
In vivo half-life for APC activity and APC-inhibitor compfaes. To study the clearance rate of APC and its complexes with PCI and a,AT in plasma, 2.5 mg APC was injected into two baboons and blood samples taken at time intervals and analyzed for APC amidolytic activity and the two respective APC-inhibitor complexes. After APC infusion, the free active enzyme reached a peak value of 1.0 to 1.6 pg/mL in 2 or 3 (Fig 4A) . Following APC administration, APC-PCI and APC-a,AT complexes appeared in the circulation and increased for 25 minutes after APC administration. Then the APC-inhibitor levels decreased with half-lives of 40 minutes for APC-PCI (Fig 4B) and 140 minutes for APC-a,AT (Fig 4C) . Half-lives for the various species of APC antigen determined by quantitative immunoblottingZ3 agreed well with those determined by activity or ELISA assays, and the half-life of the band representing APC-gmacroglobulin was determined by immunoblotting to be 46 minutes and 68 minutes in two respective animals. APC complexes were also measured in vitro, following addition of different APC concentrations to citrated baboon plasma. The amount of complexes recovered was dependent on the APC concentration added and time. After 1-hour incubation with 2.5 &mL APC, baboon plasma contained 1.20 and 1.05 p,g,"L of APC-PCI and APC-a,AT, respectively, whereas addition of 10 kg/mL APC yielded 2.9 and 2.65 k.g/mL, respectively at 1 hour (Fig 5) . Addition of APC to citrated human plasma gave similar results to that found in baboon plasma (data not shown). Heparin stimulated formation of APC-PCI and decreased that of APC-a,AT in a dose-dependent manner (Fig 6) . One U/mL heparin stimulated 2-to 3-fold the formation of APC-PCI and decreased 20% to 30% that of APC-a,AT.
Complexes of activated protein C in vitro. To determine if some plasma component could influence the rate of APC complex formation with PCI and alAT, we studied the time course of APC complexation with a mixture of purified PCI and a,AT (Fig 7) at their respective physiologic plasma concentrations. No differences were seen when these results using purified proteins were compared with those in which APC was incubated with citrated baboon plasma (Fig 5) . Therefore, the rate of reaction of APC with PCI and a,AT is not significantly influenced by other plasma components.
DISCUSSION
During infusion into baboons, APC associates with two major inhibitors, PCI and a,AT, to give stable complexes of different electrophoretic mobilities on nondenaturing gels (Fig 2) , and these complexes could be quantitated by specific sandwich ELISAs. Apparent complexes of APC with an auxiliary inhibitor were observed on immunoblots, and these complexes were identified as APC-g-macroglob-
We have recently reported APC complexes of similar low mobility on immunoblots of neat human blood but not citrated plasma incubated with APC, and these were identified as APC-g-macroglobulin." In another study, APC-PCI, APC-a,AT, and complexes of low electrophoretic mobility were reported in plasma of chimpanzees infused with phospholipid vesicles containing factor Xa.= For However, the low mobility complexes were thought by the authors not to be APC-g-macroglobulin.
At the lower APC dose used (0.25 mg/kg/hour), approximately 64% of the complexes detected by ELISAs were APC-PCI and 35% APC-a,AT (Fig 1) . These values contrast with those obtained in in vitro studies, where addition of 2.5 or 10 pg/mL (final concentration) of APC to baboon plasma resulted in a similar appearance rate of both complexes (Fig 5) . Furthermore, injection of APC into baboons as a bolus showed that, after reaching a peak, APC complexes fell showing a half-life of 40 minutes for APC-PCI, 3 times lower than the 140-minute half-life for APC-a,AT (Fig 4B and C) . Despite the shorter half-life for APC-PCI as compared with APC-a,AT complexes, the observed level of APC-PCI complex during APC infusion was nearly 2-fold that of APC-a,AT, suggesting in vivo stimulation of PCI complexation with and inhibition of APC, similar to the manner in which heparin increased the in vitro formation of APC-PCI complexes.
Infusion of 1.0 mg APC/kg/h into baboons resulted in APC-a,AT complex levels higher than the APC-PCI complex levels, probably because of depletion of PCI by an excess of APC.
The fact that the two APC complexes in plasma arise at approximately the same rate in the absence of heparin, in vitro, is in agreement with the data reported by Heeb et all6 and is consistent with the kinetic constants for the APC inhibition by human PCI and a,AT. Espaiia et all2 reported a second-order rate constant of 0.65 x lo4 mol/L-' second-' for APC inhibition by PCI in the absence of heparin and Heeb et all' have reported a value of 10 mol/L-' second-' for the APC inhibition by a,AT. Although the latter value is 600 times lower than that for APC inhibition by PCI, this difference is inversely proportional to the difference in plasma concentrations of these APC inhibitors. PCI plasma concentration is 5 p,g/mL, whereas a,AT concentration is about 3,000 pg/mL, ie, a factor of 600.
APC may play a role as a major regulator of thrombosis because homozygous protein C deficient infants suffer potentially fatal thrombotic disease6,' and hereditary thrombophilia is associated with heterozygous protein C deficiency in some families." In one study, heterozygous pro- states such as deep venous thrombosis, cerebral arterial thrombosis, and disseminated intravascular coagulation. However, the majority of patients studied showed APCa,AT complex levels much higher than APC-PCI complex levels, which is in contrast to the results found here for APC infusions. APC-PCI is probably cleared from the human circulation more rapidly than APC-a,AT complex as seen here, and this difference in APC-inhibitor half-life would explain the lower APC-PCI levels detected in patients. We show here that APC-PCI complexes and APC-%-macroglobulin complexes are cleared from the baboon circulation 3 times faster than are APC-&,AT complexes (Fig 4B and C) .
Six hours after APC infusion into baboons there were significant residual amounts of APC-a,AT complexes (about 100 ng/mL), whereas the level of APC-PCI was lower than 10 ng/mL by that time. It is not known yet which other enzymes may compete for PCI in different disease states. Plasma kallikrein, factor XIa, and thrombin also can complex to and cleave PCI.'2,33 These enzymes are generated during thrombosis or consumptive coagulopathy and may abolish the inhibitory activity of PCI, thereby making a,AT the major inhibitor of APC.
In summary, the studies here show that both PCI and a,AT are physiologic inhibitors of APC in baboons and suggest that when PCI is depleted because of either APC or other proteases, a,AT becomes an even more important inhibitor of APC. Moreover, auxiliary inhibitors, such as %-macroglobulin, also interact with APC in vivo in baboons.
